Long-term bacterial endosymbionts typically exhibit reduced genomes, lack genes encoding recombination functions and transposable elements, such as insertion sequences (ISs). In sharp contrast, I found that ISs constitute 2.4% of the genome of the obligate mutualistic endosymbiont Wolbachia wBm. Although no IS copy is transpositionally functional, I show that ISs persist in wBm because of frequent recombinational gene conversion (GC) homogenizing homologous IS sequences. These results not only indicate that there exists a functional recombination molecular machinery in wBm, but they also suggest that, by slowing down the rate of IS degradation and loss, GC may represent a major force influencing reductive evolution in wBm.
Mutualistic intracellular symbiosis between bacteria and eukaryotes is a widespread phenomenon that has significantly contributed to the evolutionary success of eukaryotes. Compared with their free-living relatives, long-term bacterial endosymbionts exhibit drastically reduced genomes, rapid DNA sequence evolution, and strong A þ T nucleotide compositional biases (Wernegreen 2005; Moran et al. 2008 ). These endosymbionts also show remarkable stability in their genome architecture, as exemplified by mutualistic endosymbionts of insects such as Buchnera, which have experienced virtually no genomic rearrangement and gene acquisition for the past 150 million years (My) (Tamas et al. 2002; Silva et al. 2003) . Such genomic stasis is thought to result from 1) reduced opportunities for lateral acquisition of genetic material and 2) loss of genes encoding recombination functions and loss of transposable elements and other DNA repeats (that could serve as recombination sites) (Frank et al. 2002; Tamas et al. 2002; Dale et al. 2003; Silva et al. 2003; Wernegreen 2005; Moran et al. 2008) .
Wolbachia bacteria are ancient obligate endosymbionts engaged in a stable, mutualistic association with filarial nematode worms for over 100 My (Bandi et al. 1998; Taylor et al. 2005) . Consistently, the Wolbachia wBm genome from the nematode Brugia malayi shows many expected features of long-term mutualistic endosymbionts such as reduced genome size (;1 Mb) and biased A þ T composition (Foster et al. 2005) . The available evidence further suggests that recombination is rare in Wolbachia endosymbionts of nematodes (Jiggins 2002; Casiraghi et al. 2003) . To further investigate genomic stability and evolution in nematode Wolbachia, I analyzed insertion sequence (IS) repeats of the wBm genome (Foster et al. 2005) . ISs are prokaryotic transposable elements that can have a considerable impact in shaping evolution of their host genomes, for example, by promoting genomic plasticity (Chandler and Mahillon 2002) .
Sequencing of the wBm genome revealed that its overall repeat content (including IS) is 5.4% (Foster et al. 2005) . However, no detailed characterization of wBm ISs has been reported to date. Here, 29 distinct IS sequences were identified in the wBm genome (table 1 and supplementary table  S1 , Supplementary Material online). They belong to six different IS families, and collectively, they cover as much as 2.4% (or 25,549 base pairs, bp) of the wBm genome. This is a considerable proportion given that the genomes of longterm mutualistic endosymbionts usually lack ISs (Frank et al. 2002; Tamas et al. 2002; Silva et al. 2003; Wernegreen 2005; Moran et al. 2008) , and even many free-living bacteria exhibit repeat densities below 2% (Frank et al. 2002) . Interestingly, Blast searches indicated that wBm IS groups exhibit ;26% nucleotide divergence on average (range 19-34%) with the closest matches in GenBank, which is similar to the divergence levels (;20%) recorded among divergent Wolbachia strains for other genomic regions (Bandi et al. 1998 ). This suggests that wBm IS groups may have resided in the wBm genome for an extended period of evolutionary time, perhaps as much time as the diversification of ancestral Wolbachia strains. Consistently, the G þ C content of all IS groups (33.9% on average; range: 31.2-36.5%) is very similar to that of the wBm genome (34%, Foster et al. 2005) , suggesting that enough time may have elapsed since IS invasions of the wBm genome as to allow the slow process of amelioration to homogenize IS and wBm genome base compositions (Lawrence and Ochman 1997) . Also consistent with a relatively ancient presence of IS in the wBm genome is that more than half of all IS copies are truncated and probably in the process of being eliminated from the wBm genome. To further test this hypothesis, I analyzed each full-length IS copy for the presence of a potentially functional transposase gene, that is, the gene that mediates IS transposition (Chandler and Mahillon 2002) . However, none of the copies had significant coding capacity, indicating that there is currently no source of transpositional activity in the wBm genome (table 1, fig. 1 ). This implies that mutualistic Wolbachia wBm bacteria have not experienced recent IS invasions. This is in sharp contrast with parasitic arthropod Wolbachia genomes, in which intense IS transposition is taking place (Cordaux 2008; Cordaux et al. 2008) , thereby suggesting that host association may be an important determinant of IS evolutionary dynamics in Wolbachia endosymbionts. Yet, absence of transpositional activity in wBm is consistent with the notion that long-term mutualistic endosymbionts have only limited opportunities for import of foreign genetic material (such as IS) and that IS are inactivated and in the process of being eliminated from the wBm genome (Frank et al. 2002; Tamas et al. 2002; Silva et al. 2003; Wernegreen 2005; Moran et al. 2008 ). However, the sequenced genomes of 50-to 100-My-old obligate mutualistic endosymbionts such as Wigglesworthia, Blochmannia, and Baumannia are all devoid of IS (Akman et al. 2002; Gil et al. 2003; Degnan et al. 2005; Wu et al. 2004) , indicating that IS elimination is a relatively fast process during reductive evolution. If so, one might expect the .100-My-old wBm to have lost most-if not all-IS from its genome. Thus, the question arises as to why there are so many IS copies still present in the wBm genome.
To address this question, I analyzed nucleotide divergence among copies within the four IS groups with two or more copies in the wBm genome. These groups collectively encompass 80% of all wBm IS (table 2) . Remarkably, average nucleotide divergence among IS copies was essentially null, ranging from 0% to 0.4% (table 2) . In principle, this extreme IS sequence homogeneity could be explained by 1) recent IS transpositional activity, 2) intense purifying selection on transposase genes, 3) recent genomic duplications encompassing IS sequences, and/or 4) recent gene conversion (GC), a type of recombination defined as the nonreciprocal transfer of information between homologous sequences.
Recent transpositional activity cannot account for the virtual lack of variation among IS copies because there is no endogenous source of transpositional activity in the wBm genome (table 1, fig. 1 ). To investigate the possibility that IS transposition in wBm is enabled through import of IS transposases encoded in the host nuclear genome, I performed Blast searches using consensus nucleotide sequences of the four multi-copy IS groups as queries against the genome sequence of B. malayi hosting Wolbachia wBm (Ghedin et al. 2007 ). The analysis identified a single full-length nuclear IS copy (NZ_AAQA01000488; nucleotide positions, nps 19,939-21,308) that presumably results from the lateral transfer of a genomic region encompassing an IS66 group 1 copy located at np 138,977-140,433 in the wBm genome to the B. malayi nuclear genome. Similar to wBm endogenous IS copies, the nuclear IS copy showed no significant coding capacity, thus ruling out the possibility of recent IS transpositional activity in wBm. The absence of functional IS in wBm (table 1, fig. 1 ) further excludes intense purifying selection as the explanation for the paucity of sequence divergence among wBm IS. If IS sequence homogeneity resulted from recent genomic duplications, then one would expect the genomic regions immediately flanking IS sequences to exhibit similar levels of nucleotide divergence to those recorded among IS copies. The elevated levels of divergence in upstream and downstream flanking sequences (table 2) indicate that IS copies reside in distinct genomic environments, thus ruling out recent genomic duplications as the explanation for the observed IS sequence homogeneity. In sharp contrast with all other hypotheses, GC can account for all observations (i.e., discrete homologous pieces of DNA with virtually no nucleotide divergence and sharing the same state of pseudogenization of transposase genes). To further test this hypothesis, I investigated GC in 16 groups of wBm interspersed, non-IS repeats. I found that the majority of these repeat groups exhibited patterns of sequence variation consistent with GC (supplementary table S2, Supplementary Material online) Therefore, GC appears to be a common phenomenon in the wBm genome and the most rational explanation for extreme IS sequence homogeneity is that GC homogenizes homologous IS copies (Santoyo and Romero 2005) .
Interestingly, the data presented here indicate that GC tracts can cover full-length IS sequences, that is, up to 1.5 kb (tables 1 and 2). This is in line with estimates obtained for other bacterial organisms, which usually range from ,10 bp to .3 kb (Santoyo and Romero 2005; Drouin 2007, 2008) . As both full-length IS GC and IS transpositional activity could result in high degrees of sequence similarity among functional IS copies, GC may have had a greater impact on IS evolution than previously recognized (Wagner 2006) . In any event, although IS copies are generally thought to be of recent origin in bacterial genomes and subject to rapid turnover (Wagner 2006; Cordaux et al. 2008; Rocha 2008) , Wolbachia wBm constitutes an unusual example of a bacterial genome that exclusively contains old IS elements with long persistence time.
This observation may be particularly relevant to our understanding of the mechanisms influencing reductive evolution in wBm and, more generally, long-term mutualistic endosymbionts. Long-term erosion of nonessential DNA in obligate bacterial endosymbionts occurs via a continuous process of small deletions, ultimately leading to complete gene or IS loss (Mira et al. 2001; 2001; Moran 2003) . Here, I suggest that GC may contribute to counter the effects of deletions taking place in IS sequences by restoring ancestral, predeletion states at IS loci experiencing deletions, while concomitantly spreading nucleotide substitutions inactivating transposase genes. Thus, GC may represent a major force influencing reductive evolution in wBm, by substantially slowing down the rate of IS degradation and loss. Consistently, bacterial endosymbionts that completely lack IS elements have typically lost recombination functions (Moran et al. 2008 ) and thus the ability to perform GC (Dale et al. 2003) . In sum, GC can explain why many nonfunctional IS elements with nearly identical sequences persist in the genome of the .100-My-old obligate endosymbiont Wolbachia wBm. It is unclear why GC maintains IS in wBm. It may well be that GC at IS loci simply occurs as a by-product of the endogenous existence of a functional recombination molecular machinery in wBm. Consistently, wBm has a complete gene repertoire of the conventional homologous recombination pathway, including initiation (RecFOR), strand exchange (RecA), and Holliday junction resolution (RuvABC) (Foster et al. 2005; Kanehisa et al. 2008) . In any event, long-term maintenance of nonfunctional IS with nearly identical sequences requires GC to occur frequently. This is apparently in conflict with previous studies that suggested that recombination is rare in Wolbachia endosymbionts of nematodes (Jiggins 2002; Casiraghi et al. 2003) . However, previous analyses addressed the question of intergenomic recombination (i.e., recombination between nematode Wolbachia strains) whereas the present study provides evidence for intragenomic recombination (i.e., within nematode Wolbachia strain). Thus, the obligate mutualistic Wolbachia wBm endosymbiont appears unusual in that it has been experiencing essentially strict vertical transmission on a very deep evolutionary timescale (Taylor et al. 2005) , which may have contributed to reduce opportunities for intergenomic recombination, while preserving an ability for frequent intragenomic recombination mediated by a functional molecular machinery for homologous recombination. Such remarkable situation makes Wolbachia wBm an excellent model case for studying transposable element evolution and genome reduction, including the dynamics and processes of repeat loss and the influence of recombination on these processes.
Supplementary Material
Supplementary tables S1 and S2 are available at Molecular Biology and Evolution online (http://www.mbe. oxfordjournals.org/).
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